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                Introduction
     Phosphoglucomutase ( ct-D-glucose 1,6-diphosphate :
ct-D-glucose l-phosphate phosphotransferase, EC 2.7.5.1 )
catalyzes the reversible interconversion between Gl-P and
G6-p, and requires Gl,6-dip as a coenzymelÅr.
     Gl-P + Gl,6-diP = Gl,6-diP + G6-P
When the substrate is Gl-P, the phosphate group of the 1-
position of Gl,6-diP is transferred to the 6-position of
Gl-P. The coenzyme is converted to the productt and
the substrate, to the coenzyrne2).
     Phosphoglucomutase is widely distributed in living
cells and plays an important role on a carbohydrate meta-
bolisrn as a link of glycolysis and a polysaccharide rneta-
bolisrn. The enzyrne was first crystallized frorn rabbit
muscle by Najjar3).
     Reaction mechanism of this enzyrne proposed by Najjar
et ai. invoives two steps4'5),
     E-P + Gl-P =E + Gl,6-diP
     E + Gl,6-diP .- E-P + G6-P
where E-P and E represent the phosphorylated and dephos--
phorylated forms ef the .enzyrne, respectivelY. This
mechanisrn was based on the forTnation of G6-P from dephos-
                           1
pho-enzyme and Gl,6--diP or of Gl,6-dÅ}P from phospho-en-
zyme and Gl-p4'5),and was supported by the demonstration
of incorporation, from G6-32P in the presence of Gl,6-diP,
of 32p into the enzyme6'7). This pathway fits "ping-
pong" mechanism proposed by cleiand8). it was report-
ed by kinetic experiments that the reaction of phospho-
glucomutase frorn rabbit muscle9), Eschertchia coz-O,11),
shark musciei2) and fiounder musciei2) proceeded via a
"ping-pong" pathway.
     However, it was observed by the kinetic experirnent
that the reaction of phosphoglucornutase partially puri-
fied frorn yeasti3) proceeded via a "sequential" pathway
of cleiand's definition8).
                                     Gl-P
     E + Gl-P + Gl,6-dip = EZ 1=t
                                    x
                                     Gl,6"diP
      -Gl , 6-diP
     Ex 1==) E + Glt6-diP + G6'P
        G6-P
It was also reported that the reaction of phosphogluco-
rnutases from BaeiZZue eereus and Mieroeoceus Zysodeikti-
euBIZ) proceeded via a "sequential".
     The reaction sequences of phosphoglucornutases frorn
various origins aret therefore, considered not to be iden-
tical. The cataZytic reaction rnechanisrn of the enzyme
shouid reflect its proteÅ}n structure. It may be useful
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for an understanding of the relationship between the i
enzyTne reaction rnechanism and its protein structure that
the reaction sequence and t!)e proteÅ}n structure of phos-
phoglucornutase purified from yeast are studied in the con-
trast to the wellknown rabbit rnuscle enzyrne.
1
3
     Chapter I Purification of Yeast Phosphoglucomutase
     Phosphoglucomutase was partially purified from yeast
by Najjar14)`. However, the homogeneous preparation of
this enzyme had not been obtained, since the enzyme was
unstable. rt was found that the yeast enzyme activity
was stable in citrate buffer ( pH 5.3 ) for 3 days and in
Tris buffer ( pH 7.5 ) containing dithiothreitol fer one
day. Yeast phosphoglucornutase was crystallized after
the purification procedures under these conditions.
                                         '
            MATER:ALS AND D(ETHODS
Materials Gl-P, G6-P and Gl,6-diP were purchased from
Boehringer Mannheim.
AL!EE9L9St..!ik!sL9!}zz!!!g-ag!lyL!Szth t t Theenzymeassaywasper-
formed under the condition of 1.6 pmoles of Gl-Pt O.Ol v
rnole of Gl,6-diP and 5.0 umoles of Tris buffer ( pH 7.5 Årt
in a final volume of O.4 ml. After incubation at 30e,
the reaction was stopped by the addition of 4.6 ml of O.56
M H2S04• After heating at 1000 for 3 minutes, acid
labile phosphate was determined by the method of Fiske et
al15). The unit of the activity was expressed as urnoie
of G6-P produced per minute, and the specific activity was
expressed a$ unit per mg of the protein. The protein
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concentration was estimated from the absorbance at 280 nrn
                          llby assuming the value of Elcm to be 10.
                        RESULTS
     Buffer A, 5.0 rnly! citrate ( pH 5.3 ), was used through-
out purification procedures except for DEAE-Sephadex chro-
matography. Buffer B, 20 rnM Tris buffer ( pH 7.5 )
containing 1.0 rrtM dithiothreitol and l.O rrabC citrate, was
used in DEAE-Sephadex chromatography. Unless otherwise
specified, all procedures were undertaken at 4".
     On a typical run, 600g of air dried baker's yeast
were mixed with about 500 ml of Buffer A and 1.2 Kg of
aluminium oxide and was disrupted by grinding mechanically
for about one hour. The viseous suspension was diluted
with 1.2 liters of Buffer A, and the extract was obtained
by centrifugation. The precipitate was reextracted
with 1.2 liters of Buffer A. To the combined extracts
 ( 2.i liters ), l.4 Ziters of the hot saturated arnmonium
sulfate solution ( 900 ) were added gradually to bring to
O.4 saturation, and this mixture was kept at 60e for 5
ninutes. After cooling on an ice bath, the suspension
 t
was filtrated, and to 3.4 liters of filtrate were added
l.04 Kg of solid ammonitm sulfate. The precipitate
obtained by centrifugation was diluted tc 2.8 iiters with
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Figure l CM-Sephadex Chromatography
     The protein was eluted with a 1Å}near gradient of
which was ranged frorn O to O.S b4. Fractions ( l8






















Buffer A to bring the protein concentration to 10 mg per
ni, and the solution was fractionated by solid a:nrnonium
sulfate ( O.55-O.75 saturation ). The precipitate was
dissolved in a srnall vo!u:ne of Buffer A, and salt was
removed from the solution by passage through a Sephadex
G-50 colum ( 3.S x 100 cm ) equilibrated with Buffer A.
The enzyrne solution was applied to a CM-Sephadex column
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( 3 x 42 cm ) previously equilibrated with Buffer A.
After washing the column with Buffer A, the enzyme was
eluted with 800 ml of linear gradient of NaCl in Buffer A.
Figure 1 represents a typical elution profile showing pro-
tein concentration and enzyme ~ctivity. Fractions
having a high specific activity ( Fractions, No.34-43
were collected, and the protein was precipitated by the
addition of solid ammonium sulfate ( 0.75 saturation ).
The precipitate was diluted with Buffer A to bring the
protein concentration to 12 mg/ml, and the solution was
fractionated with solid ammonium sulfate ( 0.5-0.6 satu-
ration) . The precipitate was dissolved in a small
volume of Buffer A, and the solution was passed through
a Sephadex G-50 column ( 1.7 x 45 cm ) equilibrated with
Buffer B. The enzyme solution was applied to DEAE-
Sephadex column 1.5 x 20 cm ) previously equilibrated
with Buffer B. The enzyme was eluted with 250 ml of
Buffer B, and the phosphoglucomutase activity was observed
at the second peak of fractions as shown in Figure 2.
The active fractions ( Fractions, No.15-33 ) were col-
lected, and the protein was precipitated by the addition
of solid ammonium sulfate 0.75 saturation). The
precipitate was dissolved in Buffer A containing 1.0 roM














              FRACTION NUMBER
  2 DEAE-Sephadex Chrornatography
Fractions ( 6.0 ml ) were collected
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and assayed for
10 mglmlt and to the clear enzyme soiution the saturated
arrumonium suifate soiution was added gradually. The
rnateriaZ $howing a faint turbidity was allowed to stand
for a few days. The further addition of the saturated
mmnium sulfate solution gave the material deeper turbi-
dity and silky sheen. Within a few weeks crystalli-
zation was cornpleted. The crystalline form of the



















Figure 4 Ultracentrifugal Patterns of Yeast Phospho-
glucomutase
     The experiments of ultracentrifugation were perforrned
at pH 5.3 (5 mh citrate ) and 100. Concentration of
the enzyme was 10 mg/ml. Ionic strength was adjusted
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Figure 5 .Zone Electrophoresis
     Electrophoresis was performed on IO cm strips of
cellulose-acetate rnembrane. After electrophoresis
the protein was stained with Amidoblack 10B.
enzyme was needle--shaped as shown in Figure 3.
     Hornogeneity of this preparation was proved by analy-
tical ultracentrifugation and zone electrophoresis as
shown in Figure 4 and 5.
     The specific activity of the crystalline preparation
was l93 under the standard condition. The specific
activity of yeast phosphoglucomutase purified by Najjarl4)
was 59. The activity of the yeast enzyme was stirnu-
10
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lated about 1.3 fold
Chapter V. Thus
line preparation was








the addition of EDTA as shown in
specific activity of the crystal-
 under the optimal condition.
 of rabbit muscle enzyrae under the
ll
      Chapter Il Reaction Mechanism of Yeast Phospho-
    glucomutase
     rt was reported by Najjar et al. that the reaction
of yeast phosphoglucomutase proceeded vta a "ping-pong"
       14)
           . This was based on the dernonstration of thepathway
formations of G6-P from dephospho-enzyrne and Gl,6-diP or
of Gl,6-diP from phospho-enzyme and G6-P. However,
the validity of the mechanism for the yeast enzyme cannot
be considered to be unequivocally confirmed because of
the inhomogeneity of the enzyme preparation or the limi-
tation of the experimental method.
     Kinetic studies can distinguish between "sequential"
and "ping-pong" pathway, since in "sequential" pathway
each line of double reciprocal plots meets at a point when
substrate is varied at several fixed level of coenzyme,
and viee verea, while in "ping-pong" pathway is parallel.
:n the kinetic experirnent with use of phosphoglucomutase
partially purified from yeast, each line of the double
reciprocal piots met at a pointi3).
     rn this chapter, the results of further stiudies on
the reaction mechanism of purified yeast phosphoglueo-
mutase are described.
12
            b4ATERZALS AND b4ETHODS
Materials G6-P dehydrogenase and NADP were purchased
from Boehringer Mannheirn and Sigma, respectively. Gl-P
                                       9)
                                         . The puri-was purified by the rnethod of Ray et al.
fied Gl-P did not have any contamination of GZ,6-diP,
since phosphogiucornutase activity was not observed with•-
out the addition oC GI,6-diP.
     Crystalline yeast phosphoglucomutase was prepared as
described in Chapter I.
AL!gE9X-9!t:=ilL9sa!-ggdgf!SLyEL!ixth tt Thereactionmixturecon-
tained O.Ol6-3.2 umoles of Gl-P, O.72--20 nmoles of Gl,6-
diP, O.4 vrnole of NADP, 20 umoles of Tris buffer (pH 7.5),
20 pmoles of MgC12, O.Ol vmole of EDTA and l8 vg of G6-P
dehydrogenase in a final volume of 2.0 ml. The prepa-
ration of G6-P dehydregenase was free Erom phosphogluco-
mutase, since the absorbance at 340 nm was not increased
without the addition of phosphoglucomutase under this con-
dition. After preincubation in a cuvette of lcm light
path at 250, the reaction was started by the addition of
the enzyTne dissolved in 1 mMi citrate buffer ( pH 5.3 )
containing 50 vM dithiothreitol. The increase of ab--
sorbancy at 340 nm was recorded with Hitachi Double-Bearn
Spectrophotometer Model-l' 24 equipped with a ternperature
controlied ceZl-holder.
                            I3
ltii!iEg"IL!iUgl-ggu21gsl-ILggstSgarrorintheco1d t Whenthereactionve-
locity of phosphoglucomutase is deterrnined by the coupled
reaction, an ainount of G6-P dehydrogenase is the limiting
faetor to the experimental error. When vl and v2
represent the velocities of phosphoglucomutase and G6-P
dehydrogenase reaction, respectively,
     Gl-P rl G6-P t2 6-phosphogluconate
vl eguals to v2 within the range of linear increase of
absorbance at 340 nm ( steady-state ). Thereforet the
following equation is obtained.
     [S]Vmax,1 - f[S]Vrnaxt2
     [S] + Krnl f[S] + KM2
                    Ktn2
     f=
          Vmax,2/Vrnax,1Åq [S] + KMI) - [S]
Where [S] and•f[S] represent the concentrations of GliP
and G6-P at steadyLstate, and Vmax,land Vmax,2t the MaXi-
rnum velocity of phosphoglucornutase and G6-P dehydrogenase,
and Krnl and Krn2, the Itrn value of phosphoglucornutase to
Gl-P and G6-P dehydregenase to G6-P, respectively. The
error of the substrate concentration is expressed by
f/(f+i). Thus the experirnental eondition must be
designed to minimize the f value. The above equation
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is simplified, since Vrnax,2 is much larger than Vmax,1 as
described below.
            Krn2 Vrnax,l
          Krnl + [S] Vmax,2
With use of this equation and the results in Figure 6r the
maximum error of the substrate concentration can be calcu-
lated. Under the conditions of the enzyme assay, Km
value of G6-P dehydrogenase to G6-P was deterrnined { Km2 =
36 VM ). Vmax,2 was deterTnined to be 5.6 optical
density change per rninute. Vrnax,1 was calculated to be
O.04 optical density change per minute and the minimum
value of apparent KTnl, 8.0 vM ( see Fig.6 ).
             36 O.04
          8.0 + [S] 5.6
When the initÅ}al concentration of G!-P is diluted infi-
nitelyr the value ef [S] rnust be nearly equal to zero.
 [S] could be regarded as the initiaZ concentration of Gl-Pr
since the maximum value of f ( in the case of [S]=O ) was
smali enough compared with 1 Åq f=O.032 ). Thus the f
value at the minÅ}mum concentration of Gl-P ( 8.0 pM ) was
O.Ol6. The maximum error of Gl-P concentration was
about l.6 l. The amount of G6-P dehydrogenase used
in the assay was enough to neglect the error in the
                             IS
coupled reaction method.
                      RESULTS
                                 '
     The activities of yeast phosphoglucornutase were
measured in 8,O vM - O.1 rmlC GI-P and O.36 uM - 10 uM
GI,6--diP. Figure 6a shows Lineweaver-Burk plots of 1/v
versus 11[Gl,6-diP] at four concentrations of Gl-Pt and
Figure 6b, 1/v versus Y[Gl-P] at five concentrations of
Gl,6-diP.
     rn both figures the lines met at a point on the third
                '
                      'quadrant. This result indicates that the reaction of
yeast phosphoglucomutase fits "sequential" mechanism.
     The deviation from straight lines at higher substrate
concentrations as shown in Figure 6b suggests that the
substrate inhibition occurs. Figure 6a shows that the
coenzyme inhibition does not occur within concentrations
of Glt6-diP used.
     When the concent:ation of substrate was changed from
O.04 - 1.6 mM, Lineweaver-Burk plots of Zlv versus 11[Glt6
-diP] at the various concentrations oi Gl-P gave straight
lines whieh rnet at a pointi on the ordinate. Thi$
result indicates that the substrate inhibition in the





Figure 6a Lineweaver-Burk plot of 1/v versus 1/[Gl,6-
diP]
     :nitial velocity,v, is represented as vmoies of
l2?P.H.lgEO.g•XC.eddfegi \lii:U:•fit....p:hgf"aiii:8.0g.i(IX.a8.gEe..t.
in Fig.6b.
     The concentrations of Gl-P : Si, 8.0 uM ; S2, 10 vM
7 S3, l4 uM ; S4, 20 uM.
17
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Figure 6b Lineweaver-Burk plot of 1/v versue
     The value of l/v at C,. were obtained frorn
cept of lines on the ordinate in Fig.6a.
     The concentrations of Gl,6-diP : Ci, O.36
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                                        -1
                        ll[Gl,6-diP], pM
Figure 7 Lineweaver-Burk Plot in the Yeast
mutase Reaction under Occurrence of Substrate
     The concentrations of Gl-P : Sit 1.6 rnM







; S2, 1.0 mbC
of substrate to coenzyme binding site ( Fig.7 ).
     "Sequential" rnechanism is divided into "random sequ-
ential" and•"ordered sequentsal" mechanism8). when




 E \kll.I,!ih[C] Ec
     k"1
rate equation
 v
;;ka,ÅÄii[ :S] Ecs it E +
  k.2
is given as follows.
     [s] [c]v
           rnax
product
          [s][c]+:k:=i}i-:3-;k [c]+-ik:?-i[s] +:k:=jtiifZ-LZ;LLikk2+k)
Where E,' S., C and k's represent the enzyrne, Gl-Pt Gl,6-
diP and the rate constants on each steps of reactionst
respectively. Each line in Lineweaver-Burk piots of
ilv versus 11[S] at various concentrations of C rneets at
a pointt. The point exists on the second quadrant,
on the abscissa and on the third quadrant in cases of
k-1År k3, k-1 " k3 and k-1 Åq k3, respectively. zf the
reaction mechanisrn of yeast phosphoglucornutase is "order-
ed sequential", the condition of k3År k.-1 is required
in order to explain the results of Figure 6.
tThis treatittent
diP combine onZy
is also applicable to.'the case
 with the enzyme.Gl-P complex.
that Gl,6-
20
In "random sequential" mechanism*, the enzyme species
are as follows :
E + S ~ ES Ks
E + C ------3l. EC Kc~
EC + S ~ ECS aKs kECS > E + product
ES + C ~ ECS o.Kc...----
Where k is the rate constant of breakdown of ECS complex,
and Ks, Kc, o.Ks and o.Kc are the dissociation constants of
the respective steps**. In this mechanism, S-binding
affects the affinity of C to the enzyme, and vice versa
( e.g. in the case of 0.)1, the binding of S decreases the
affinity of C to the enzyme, and vice versa). The
rate equation for II random sequential ll mechanism is repre-
sented below.
* In Itrandom sequential lt mechanism, the rate equation
derived from steady-state method contains square terms,
and reciprocal plots are not straight lines. However,
Lineweaver-Burk plot in yeast phosphoglucomutase reaction
was linear unless the substrate inhibition occurred.
Thus Il random sequential ll mechanism means Itrapid equili-
brium random sequential ll mechanism.
**When the dissociation constant of fourth of above equa-
tions is aKc, 6 is expressed as [ES] [C]/[ECS]Kc ( = [E] [S]
[C]/[ECS]KcKs ). On the other hand, a is equal to [EC]
[S]/[ECS]Ks ( =[E] [C] [S]/[ECS]KsKc ). Therefore 0,=6.
21
                     [s] [c]v
                           rnax
     v=
         ctKsKc{ -ILftltT(i+IEtll;c )+ [CKc] +i}
                                    '
Lineweaver-Burk plots of 1/v versus l/[S] at the various
concentrations of C give straight iines and vice versa.
The straight lines meet at a point on the second quadrant,
on the abscissa and on the third quadrant under the con-
ditions of ctÅq1, ct = i and aÅr lt respectively. The
value of -1/Ks or --1/Kc can be calculated from the meeting
point of each line. The values of -1/ctKs and -1/ctKc
can be obtained from the intercept on the abscissa of the
                                            'lines at C. and S. t respectiveiy.
     From Figure 6a and b, Ks = 4.0 vM, Kc = O.l4 v"4 and
a = 4.l were obtained. If the yeast phosphoglucornutase
reaction obeys "randorn sequential" rnechanism, the binding
of Gl-P should dec=ease the affinity of Gl,6-diP to the
enzyrne, and vice verBa.
                     DIscussroN
     :f the yeast phosphoglucomutase reaction occurs with
"ordered sequentiai" mechanism, it is required that the
rate constant of the breakdown of ECS complex ( k3 ) is
larger than the rate constant of the dissociation of EC
22
or ES ( k.l )t which seeTns unlikely. Although "order-
ed sequential" mechanism can not be necessarUy excluded
from the yeast phosphoglucomutase reaction pathway, it is
unlikely that the yeast phosphoglucomutase reaction pro-
ceeds via "erdered sequential" mechanisrn. Indeed, as
described in Chapter IV, the results of fluorimetric
titration suggested that the reaction of yeast phospho-
glucomutase proceeded vta "random sequential".
     The constant ( ct ) in "randorn sequential" rnechanism
posesses the important sense in the interpretation of the
kinetics of phosphoglucornutase. When the value of ct
is large enough Åq e.g.t crÅr100 ), Lineweaver-Burk plot
gives a parallel pattern apparently. T:tereforer "ping
-pong" mechanism is not necessarily justifiea by the
parailel pattern in Lineweaver-Burk plot.
     Najjar regarded the purified enzyrne as the phosphory-
lated enzyrne, and demonstrated the formation of Gl,6-diP
from phospho-enzyrne and Gl-P (• or G6-P ) as shown in the
equation in rntroduction3'4). Dephospho-enzyrne was
prepared by dÅ}alysis of phospho-enzyme' against Gl-p3'4).
Howevert in the case of or value being latige enough, Gl-P
strongly decrease the affinity of Gl,6-diP to the enzyme,
and viee versa. If the purified phosphoglucomutase
is not phespho-enzyrne but the firmly bound complex of the
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enzyne and Gl,6-diP, Git6-diP will be released from the
enzyrne.Gl,6-diP complex by the addition of Gl-P.
     E•Gl,6-diP + Gl-P = E•G6-P + Gl,6•-diP
By the addition of Gi,6-diP, G6-P will be released frorn
the enzyrne.G6-P complex prepared by dialysis against Gl-P
( or G6-P ).
     E•G6-P + Gl,6-diP .- E•Gl,6-diP + G6-P
                                                 'Althodgh "ping-pong" rnechanism supported by the demon-
stration of incorpofation, from G6-32p in the presence of
                                          'Gl,6-dip, of 32p into the enzyrne6'7), it does not always
follow that the incorporated 32p into the enzyrne is not
in the forrn of E.Gl,6-di32p, but E-32p.
     :t was suggested by the experi.rnents of incorporation
of D-2,3-diphosphoglycerate-32p, the coenzyrne of phospho-
glyceromutase, into rabPit muscle phosphoglyceromutase
that the bound radioactivity was not in the form of the
enzyrne-phosphatet but in the form of the enzyrne.coenzyrnei81
:n fact, it was found that yeast phosphoglycerornutase
showed the enzyrtte.coenzyme.substrate ternary complex as
an active interrnediate in kinetic experimentsi9).
     Although a "ping-pong" pathway of rabbit rnusc:e phos-












    ,out =n
"randoin sequential"
 the muscle enzyrne
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     Chapter III Coenzyinatic Activity of Fructose 1,6-
   di phosphate
     As shown in Tntroduction, phosphoglucomutase requires
Gl,6-diP as a coenzyrne. It was found that the reaction
of yeast phosphoglucomutase proceeded in the absence of
Gl,6-diP with the addition of Fl,6-diP. !t is consider-
ed to be inportant for understanding of the regulation of
carbohydrate metabolisrn that the mechanism of coenzymatic
activity of Fl,6-diP are clarified. In this chapter,
the forrnation of Gl,6-diP frorn Gl-P and Fl,6-diP in the
yeast phosphoglucomutase reaction is described.
                MATERIAILS AND IYllITHODS
RsggggeluiEts Gl-P, G6-P,Glt6--diP, Fl,6-diP, G6-p dehydro-
genase and NADP were purchased from BoehrÅ}nger Mannheirn.
Gl-P was purified chromatographicaily by the method of
Ray et aX.9). Fl,6-dip was used after acid-hydrolysis
( IM HCI, 1000, 3 minutes ) to exclude the effect of Gl,6-
diP which might contaminate the Fl,6-diP preparation.
     Crystalline yeast phosphogiucomutase was prepared as
deseribed in Chapter I.
ItEfi9Y-g2;-!ibg-gpzLx!!!g-as2!ILylL!izSS fth t t UnlessotherwisespeÅëi-
fiedt the reaction mixture contained O.2 urnole of Gl-P,
                            26
'
5 vmoles of Tris buffer ( pH 7.5 ) and various amounts of
Fl,6-diP or Gl,6'diP in a final volume of O.5 rn1. !Dhe
reaction at 250 was started by the addÅ}tion of the enzyTne.
After the reaetion was stopped by the addition of 3.5 ml
of O.6M H2S04t the solution was heated at IOOO for 3
rninutes. Acid labSle phosphate was detennined by the
rnethod of chen et al.20).
                        RESULTS
Coenz atic activit of Fl 6-diP
     Coenzymatic activities of acid-hydrolyzed Gl,6-diP
and Flt6-diP were examined. rt was determined from the
arnounts of inorganic phosphate that Gl,6-diP was complete-
ly hydrolyzed by heating at 1000 in IM HCI for 3 rninutesr
and that about 30 percent of Fl,6-diP was hydrolyzed
under the same condition. Table rZ shows that the co-
enzymatÅ}c activity of Gl,6-diP was lost by the acid treat-
rnent, and Fl,6-diP, was not. This indicates that the
coenzymatic activity of Fl,6--diP is not due to Gl,6-diP
which rnay be present in the Fl,6-diP preparation.
     The conversion of Gi-P to G6-P was confir:ned in the
Flt6-diP dependent reaction of the enzyTne. Gl-P was
determined frorn the amount of acid-labile phosphate, and
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TABLE :: COENZY)4ATrC ACTXV:TY OF ACrD-HYDROLYZED
DrP AND GI,6-DrP
     For the measurernents ef the activity, O.45 ug
enzyrne was used. Acid-hydrolyzed coenzymes were
tained as follows. Fl,6-diP was heated at 1000




















G6-P, from th,e anount of NIV)PH produced by G6-P
genase. Figure 8 shows that the increase of
agreed weli with the decrease of GZ-P. This
suggests that the main reaction in the Fl,6-diP
reaction of the enzyme is a conversion of Gl•-P
IE9mai,SLZi-S2S-SIL,.S
     The time course of the Fl,6-diP dependent
was lineelr after a tircte lag. This suggested






     .reactlon
 that the
""'
                    Time ( min )
Figure 8 Fl,6-diP Dependent Reaction of Yeast Phospho-
glucomutase
     Reactions were carried out in O.2 vrnole of Gl-P,
O.4 umole of Fl,6-diP, 20 vmole of Tris buffer Åq pH 7.S )
and O.4 vg of the enzyme at 250 in a final volume of 2.0
ml. In the deterrnination of G6-P, 20 vg of G6-P dehy-
drogenase and O.8 uinole of NADP were added. The de-
                                                   acid-ofcrease of Gl-P was determined by the measurement
labile phosphate, the increase of G6-P, by measuring the
absorption of NADPH at 340 nm. .
     SyTnbols : e t decrease of Gl-P ; o t increase of
G6-P.
two types of the reaction .participated in the Fl,6-diP
dependent reaction. In the second reaction, Gl-P was
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FReig:l;2,ofi The Tine Lag in the Fl,6-dip Dependent
     The reacti.on were carried out as described in the
tgxt. The concentration of Fl,6--diP in the reaction
mzxture was 2.5 uM. The enzyrne was preineubated with
Flt6-diP and Gl,6-diP for 30 rninutes at 25e.
     Addition to the preincubation mixture :
anOd o' ?2ni:M;GIA"p: 2'5 UM FI,6-diP i A , 2.s pM FI,6-dip
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converted to G6-P as shown in Figure 8. [Do clarify the
first step of the reaction, the enzyrne was preincubated
with Fl,6-diP or with Gl-P and Fl,6-diP. The tirne lag
was largely diminished only in the case that the enzyrne
was preincubated with Gl-P and Fl,6-diP as shown in Figure
9. This suggests that in the first step of the re-'
action the enzyrne-phosphate complex is not fonmed, but the
direct phosphate transfer of Fl,6-diP to Gl-P occurs as
shown in the following reaction.
     Gl-P + Fl,6-diP = Gl,6--diP + F6-P ( or Fl-P )
This reaction is reasonably interpreted by "sequential"
pathway in the yeast phosphoglucomutase reaction.
     The formation of Gl,6-diP with the reaction was con-
firmed as follows. Fl,6-diP is destroyed by alkali-
treatrnent, and Gl,6-diP is relatively stable under the
treatment. Fl,6-diP was incubated with the enzyrne or
with Gl-P and the enzyme. After an alkali-treatment of
the solutions, the coenzymatic activities were measured.
Table III shows that the coenzyrnatic activity is not lost
in the case that Fl,6-diP is incubated with Gl-P and the
enzyrne. These results indicate that yeast phospho-
glucornutase is able to catalyze the phosphate-transfer of
Fl,6-diP to Gl-P.
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TABLE rrr COENZYbaATIC ACT!VrTY OF AZ,KZliI-HYDROnYZED
FI,6-DrP AND GI,6-DIP
     lrhe coenzyrnatic activity of Fl,6-diP and Gl,6-diP
were measured with use of O.54 ug of the enzyme after
the alkali-hydrolysis of the coenzyTnes which were previ--
ously incubated at 250 with O.50 vg of the enzyne and
1.2 umoles of Gl-P in the volume of 3.0 ml. Alkali-
hydrolyzed coenzyrnes were prepared as follows. The

































     Pigure 10 shows
dependent reaction is
that the velecity of Fl,6-diP
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Figure 10 Time Courses of Fl,6-diP Dependent Reaction
     The reactions were carried out as described in the
text.
     Concentrations of Fl,6-diP : o , O.iO mh : e ,
10 uM ; a , 5.0 uM ; - , 2.5 pM.
decreased with an incrernent of the concentration of Flt6-
                                             vereus 11[FdiP added. Lineweaver-Burk plot of 11v
                                         aPP
1,6-diP] was linear as shown in Figure 11. The ap-
parent velocity was obtained from the slope of linear in-
crease in Figure lO. .
     The v values should be the velocities of the
          app
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Figure 11 Lineweaver-Burk Plot of Yeast Phosphogluco-
mutase Reaction
     The reactions were earried out as described in the
text.
     Symbols : o , Fl,6-diP : e , Gl,6-diP.
reaction in the presence of Gl,6-diP which is forrned in
the reaction of the formation of Gl,6-diP as concluded
from the results of Figure 8 and [rable TU. Thus the
concentration of Gl,6-diP, x, forrned within the time lag
can be calculated from the following equation.
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            x.v
     v.-m
      app
            Krn + x
              g
Where V and Krn are the maximum velocity and Km value
       rnax ,g
            g
for Gl,6-diP ( O.l4 uM ) in the Gl,6-diP dependent re-
action, respectSvely. Therefore, the ve!ocity in the
reaction of the formation of Gl,6--diP, vf, can be obtained.
           x
     vf=T
Where T represents tha time lag in the Fl,6-diP dependent
reaction. The values of T were obtained from the
intercepts of the dotted lines on the abscissa in Figure
10, and x, from Figure 11. The values of vf were
calculated frorn this equation. Figrue l2 shows that
the Lineweaver-Burk plot of 1/vf veTsus 1/[F:,6-diP] is
linear. The Krnf value, Km for Fl,6-diP in the reaction
of the forrnation of Gl,6-diP, was 40 pMt and Vmax,f , the
maxirnurn velocity in the reaction of the formation of Gl,6
--
diP, was O.04 ninole/rnin. These indicate that Kmf/
KMg is 290 and Vmax,f/Vmax,g is 1/530 ( see Fig.ll ).
     It was dernonstrated that in the Fl,6-diP dependent
reaction of the enzyTne, the slow reaction of the forma-
tion of Gl,6-diP oÅëcurred in the first step, and the fast
reaction of the original rnutaset in the second step.
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of the overall reaction is theoretically
. The velocity of the formatien of
 is shown as the following equation, since
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     The
2.5 vM.
   Theoretical TLme Courses of Fl,6-diP
 Reaction
solid lines and the dotted lines represent the
of Gi-P and the increase of Gl,6-diP, respective-
concentration of Fl,6-diP : o , O.1 mbC 7 e ,
dx
dt
      (




    [F]o -- x ) + Kmf( i + i(lil )
                          g
  represents the initial concentration of Fl,6-
o
                           --This equation is changed by integrat-on.
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     (i -- l:lgf )•x -- Kmf(i+ illtkgO )•in( i- [l]o)
     = Vmax,f't
This equation is siJnplified as follows, since [F]o and
Krnf are large compared with Krng.
     - [l], - in( i - [i],) - -\t:}f!lfEiklliEg-?t.liii{iiE •t
Figure 13 shows that the theoretical time courses calcu-
lated frorn the constants obtained from the experimental
results are linear after a time lag, in spite of the fact
that the amount of Gl,6-diP increases with a proceeding
of time. The time courses in Figure l3 agreed well
with Figure 10. This indicates that the Fl,6-diP de-
pendent reactÅ}on of yeast phosphoglucomutase is due to
the formation of Gl,6-diP.
                      DISCUSSION
     rt was reported in the reaction of the rabbit muscle
enzyrne that 1,3-diphosphoglycerate21,22) and Fl,6-dip23,24)
are also able to act as a coenzyme. This was inter-
preted by the formation of the enzyme-phosphate complex,
the active intermediate in "ping-pong" pathway, from
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dephospho-enzyme and the diphosphate
It was shown in this chapter that Gl
duced from Gl-P and Fl,6-diP in the
mutase reaction which proceeded via
     This reaction is irnportant for
yeast on the point that the coenzytne
can be produced from Fl,6-diP of the
glycolysis.
 compounds21-24).
,6-diP could be pro-
yeast phosphogluco-
"sequential" pathway.
a sugar metabolism of
 of phosphoglucomutase
 rnain intermediate of
,
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  Chapter IV Fundamental Properties and Chemical
Modification of Yeast Phosphoglucomutase
     rt was shown in Chapter Ir that the reaction mecha-
nisms of phosphogZucornutases frorn yeast and rabbit muscle
were not identical in spite of the faat that the both
enzymes catalyzed the identicai overall reaction. The
catalytic reaction processes of enzymes should reflect
their protein structures. It was expected that some
difference in a protein structure might be found between
the yeast and the muscle enzyme. In this chapter, the
resuZts of fundarnental properties of the yeast phospho-
glucomutase protein and the chernical modification are
described.
               MATER!ALS AND METHODS
E uilibriurn centrifu ation The molecular weight of
yeast phosphogZucomutase was deterrnined by means of the
meniscus depletion method of yphantis25). The equili-
                               .
brium centrifugation experiments were carried out with
a Beclanan model E analytical ultracentrifuge equipped
with a Rayleigh interferenee opticai system.
Assa of the enzyTrte activity Unless otherwise speci-
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fied, the reaction mixture contained O.2 vmole of Gl-Pt
5.0 rmoles of Gl,6-diP, 10 umoles of Tris buffer ( pH 7.5 )
and 10 ug of bovine serum albumin in a final volume of
1.0 ml. After the incubation at 250 for 10 minutes,
the reaction was initiated by the addition of 5 vl of the
enzyne solution. The reaction was terrninated by the
addition of 2.5 rn1 of IM H2S04. Acid-labile phosphate
                                                26)was determined by rneans of the method of Bartlett .
!Rsg2gg!xEEents Crystalline bovine serum albumin, norleucine
'and cysteic acid were purchased from Sigmat and Gl-P and
Gl,6-diP from Boehringer Mannheirn. For the experi-
ments involving substrate titration of the enzyme modi-
fied with ANS, Gl-P was purified chromatographically by
means of Ray's method9). ANs was a cornmercial product.
PCMB was used after purification and NBS was recry$tal-
iized from water.
     Yeast phosphoglucornutase was crystallized as des--
cribed in Chapter :.
                                                 27,28)Protein determination The turbidimetric method
was used to relate protein concentration to absorbance of
the enzyme at 280 nm. The crystalline bovine serum
albumin'was used for the standard.
Arnino acid anal sis The enzyrne was hydrolyzed at 110e
 for 22 or 70 hours in 6M HCI. Amino acid analyses
41
were perforrned with a Yanagimoto amino acid autoanalyzer
nc--5S. For determination of the half-cystine content,
a perforrnic acid oxidation was carried out as described
by Hirs29).
     The tryptophan content was determined from the ab-
sorbance at 280 rum and 294.4 nm of the enzyne in O.1 M
NaoH30).
NBS oxidation An absorbance difference at 280 nm per
mole of tryptophan oxidized by NBs, 4 x lo3 ( see ref.31 )
, was used both in acetate and in urea.
PCtCB titration The titrations of sulfhydryl groups of
the enzyne were carried out with pcMB32). The vaiue
of rnodified SH-groups per mole of the enzyme was not cal-
culated from absorbance change at 250 nm, but from the
end-point estimated graphically ( see Fig.15 and 16 ).
muorimetric titration with ANs33) muorescence in-
tensity ( at 470 nrn ) of ANS bound by the enzyme was
measured with a Hitachi fiuorescence spectrophotometert
model MPF-2A. The excitation wavelength was 400 nm.
Although fluorescence of ANS bound by the enzyme was rnaxi-
maily excited at 370 nrn, it was excited at 4eO nm in order
to decrease the effect of quenching by absorptioh. The
following equation was used for determination of the
numbert N, of Zigand bound by the enzyme and the dissoci-
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ation constant, K.
     [S] - 1
                   K+N[E]
      a ' l- ct
Where [S] and [E] represent the initial concentration of
the ligand and that of the enzyTne, respectively. The
value of ct is defined as x/N[E], where x is the concen-
tration of the sites of the enzyTne bound by the ligand.
K and N can be obtaSned frorn the plot of [S]/ct versuB
1/1 - a.
                       RESULTS
Molecular wei ht
     The plot of the logarithm of fringe displacement
ve?sue (radius)2 was linear as shown in Figure 14. The
molecular weight was calculated frorn the slope of this
plot. The partial specific volume of the enzyme, O.75,
was used for the calculation. The average of triplicate
measurements is presented in Table IV. These data give
a molecular weight of 69,SOO. This value was close to
that of the enzymes from other originslO-12,34).
Molecular extinction coefficient of the enzyme
     The rnolecular
x zo7crn2/rnole, was
rnetric method.
   .
extinction coefficient at 280 nm, 8.2
deterTnined'
 by rneans of the turbidi-
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Eigure 14 MolecuZar Weight of Yeast Phosphoglucomutase
     The centrifugation was earried out at 100 with the
rotor speed of 26,OOO rev/ndn. The concentration of
the enzyme was O.035 g.
TIU3LE :V
     The
and O.05
ed with
   MOI ECUZ.AR WEZGHT DETERICrNATrON
 concentrations of the enzyme were O.O17, O.035
 g for each speed. :onic strength was adjust-
NaCl to O.1. Temperature was 10e.









    .The arnino acid composition of the enzyme did not ex-
hibit large differences frorn the composition$ of the
enzymes frorn rabbit muscie3S) and E.aoziiOÅr, except that
the amounts of serine and tyrosine were relativeZy large,
and those of methionine and arginine relatively small.
TABLE V
MUTASE
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The tryptophan and tyrosine contents of the enzyme,
as determined spectrophotornetrically, were 7.2 and 25.9,
respectively. The tyrosine contents determined by
this method agreed approximately with the data from amino
acid analysis.
PCME titration
Figure 15 shows that 3.0 nmoles of the native enzyme
are saturated with 12.3 nmoles of PCMB. This indicates
that four sulfhydryl groups exist on the surface of the
native enzyme.
The activity of the enzyme was not fully suppressed
by PCMB. The sUlfhydryl groups are, therefore, con-
sidered not to form the active center of the enzyme.
The titration of the enzyme was also performed in
5 M urea. About five sulfhydryl groups of the urea-
denatured enzyme were modified with PCMB as shown in
Figure 16.
It was suggested from the results of amino acid
analysis and PCMB titration that four sulfhydryl groups
existed on the surface of the enzyme, and that one or two
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Figure 15 PCbCB Titration of Yeast Phosphoglucomutase
     The titration was carried out in IO mlYl Tris buffer( pH 7.5 ) with 3.0 nmoles of the enzyrne. After the
incubation of the enzyme and PCMB for 20 minutes, the ab-
sorbanee at 250 nm was recorded. Activity was de-
termined by assaying 5 ul of the enzyrne.solution which
had been rernoved from the cuvette.
     SyTrtbols : e , absorbance at 250 nm ; o , relative
actxvlty.
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Figure 16 PCMB Titration of the Urea-Denatured Enzyrne
     The titration was perforrned in 5 M urea ( in 10 mM
Tris buffer ( pH 7.5 ) ) with 2.68 nrnoles of the enzyme.
NBS oxidatien
     Figure 17 shows that seven tryptophan residues of
the native enzyme are oxidized by NBs. seven trypto-
phan residues of the urea-denatured ( 5 M ) enzyrne were
also exidized by NBS. These results coincided well
with the values'obtained from the al)sorbance of the enzyrtte
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Figure 17 NBS Oxidation oE Yeast Phosphoglucomutase
     The oxidation was perforrned in SO rrthC acetate buffer( pH 4.0 ). The concentration of the enzyTne was 1.12
uM. Activity was determined by assaying 5 pl of                                                  the
enzyrne soiution which had been rernoved from the cuvette.
     Symbols : o , moles of tryptophan oxidized per                                          mo1e
of the enzyme 7 e , relative activity.
in O.1 M NaOH and suggested that all the tryptophan
dues existed on the surface of the enzyme.
     Figure 17 also shows that the enzyrne is fully
vated by NBS and that the activity is decreased to




 l5 g of that of the native enzyme by oxidation of one
 tryptophan residue per mole of the enzyrne. The inacti-
vation by NBS was approximately proportional to the de-
crease of the absorbance ; 5 and 48 2 of the activity was
lost on oxidation of O.09 and O.45 mole of tryptophan per
rnole of the enzyrne, respectively. This suggested that
the inactivation by NBS was due to oxidation of the
tryptophan moiety of the enzyme and that one tryptophan
residue of the enzyme played an important role in the
activity of the enzyrne.
     The effect of Gl-P and Gl,6-diP on the inactivation
by NBS was examined in pH 4.0 and in pH 7.5 ( optimal pH
for the enzyrne activity ). The substrate and the co-
enzyme were not abie to protect the enzyme from inacti-
vation by NBS. These results suggested that the
tryptophan residue did not exist on the substrate or the
coenzyrne binding site of the enzyme. rndeed, the
difference spectrurn and the fluorescence spectrum change
of the enzyme were not observed by the additions of the
substrate and the coenzyrme.
tLE2t9ss!!!2,gl!--Et!IL!!LPzsl!gErk!g!2Sg-R!!gkg.tratzonw-thhd hb b
     The hydrophobic regien of
a hydrophobic probe, ANS.
the number of ANS units bound
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 the enzyrne was studied with
Eigure 18 and 19 show that
by the enzyme was not influ-
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Figure 18 Fluorirnetric Titration with ANS
     The titrations were carried out in 10 mM Tris buffer( pH 7.5 ) by adding the solution of ANS to the enzyme
solution in the presence of 1.0 irth4 Gl-P and 6.0 pM GI,6-
diP ( e ) or in the absence of the substrate and the co-
enzyme ( o ). The fluorescence intensities of ANS in
the absence of the enzytne were subtracted from those of







addition of the substrate and the coenzyrne,
dissociation constant was decreased by the
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Figure 19 The Deterrnination of N
the Enzyme
     The values of or were obtained
individual increase to the maximurn
rescence intensity in Fig.18.
     SyTubols : e , the values' in
Gl-P and 6.0 vM GI,6-diP ; O , in
substrate and the coenzyTne.
5 6
 and K between ANS
 from the ratio of
 increase of fluo-
the presence of 1.0




  K, were 1.0 vM and 9.5 vM
  sence of the sul)strate and
,
  On the other hand, N was 8
       Rigure 18 also' shows
in the presence and in the ab-
 the coenzymet respectively.
.5 under both conditions.
that the fZuorescence of ANS
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bound by the enzyme was strongly quenched by the addition
of the substrate and the coenzyme. The quenching by
the substrate and the coenzyme was specific for the enzyrne
, since the fluorescence intensity of ANS bound by bovine
serum albumin was not influenced by Gl-P and Glt6-diP.
These observations suggested that the state of a hydropho-
bic region of the enzyTne was changed by the addition of
the substrate and the coenzyme.
Binding studies of the substrate and the coenz e
     The quenching of ANS attached to the enzyrne was also
breught about by the individual addition of the substrate
or the coenzyrne. The enzyrrte saturated with ANS was
titrated with Gl-P or Gl,6-diP. Figure 20 shows that
the dissociation constants of Gl-P and Glt6-diP to the
enzyrne are 14 vM and O.16 pM, respectively, and that the
number of rnoles of Gl,6-diP bound by the enzyme is 1.0.
The nuini)er of moles of Gl-P bound by the enzyme was not
able to be deterrnined, since the dissociation constant of
Gl-P to the enzyrne was large compared with the concen--
tration of the enzyme used. The K values obtained by
titration experiments agreed tolerably with the Krn value
obtained by the kinetic studies ( Km for Gl-Pt 4.0 vM ;
Km for Gl,6-diP, O.14 uM )•
                      '
                                                     ,The enzyme activity was net influenced by saturatzon



















         [Gl-p] x lo5M-1 or [Gi,6-dip] x io6M-i
Figure 20 Titration of Gl-P and Gl,6-diP to the Enzyrne
Modified with ANS
     Quenching of ANS bound by the enzyrne was measured
by the addition of Gl--P or Gl,6-diP. The enzyme was
saturated with O.1 mh ANS. The titrations of Gl-P( o ) and Gl,6-diP ( e ) were carried out in Tris
butfer ( pH 7.5 ) with O.82 vM of the enzy:ne.
of the 'enzyme with O.1 mbC of ANS in the presence of O.2
rnM GI-P and O.2 pM GI,6-diP. This suggested that the
affin'ities of the substrate and the coenzytne for the
enzyme were not largely influenced by ANS.
         '
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Figure 21 The Determinations of K and N of Gl-P and
Gl,6-diP to the Enzyme
     The experimental conditions are described in the
legend of Fig.20. The values of cr were obtained froiFt
the ratio of the individual decrease to the maxunum
decrease of fluorescence intensity in Fig.20.
     Syrnbols : o , Gl-P : e , GZ,6-diP.
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                     DTSCVSSION
     The results of arnino acid analysls and molecular
 weight deterrninations of yeast phosphoglucomutase did
 not show particular characteristics compared with the
 rabbit muscle enzyme34t35).
     rt was suggested that the tryptophan residue of the
enzyrne played an iinportant role for the activity of the
enzyme. However, the residue did not probably exist
on the substrate and coenzyme binding sites of the enzyrne.
It may be supposed that the residue i$ required for a
catalytic step in the enzyrne reaction or for the mainte-
nance of the highly ordered structure of the enzyme.
     The quenehing of ANS attached to the enzyne was indi-
vidualZy induced by the substrate and the coenzyme.
The dissociation constants of the substrate and the co-
enzy:ne to the enzyrne agreed tolerably with the Km values
obtained by kinetie experirnents. This provided further
evidence for a "sequential" mechanism,of the yeast enzyrne
reaction. If the reaction of yeast enzyrne proceeds via
a "ping-pong"t the enzyrne must be exist in the dephospho-
form, because the reaction did not proceed without the
addition of the coenzyme. The substrate should not
combine with the dephespho-enzyme in a "ping-pong" mecha-
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nisrn, unless the substrate concentration is increased in
order to bring about the substrate inhibition. In the
yeast enzyrne, the substrate inhibition constant was 1.0
rnM. It was impossible that the inhibition constant was
decreased to 14 vM by the binding of ANS to the enzynet
since the activity was not inhibited by ANS in the pre-
sence of O.2 mM GI-P and O.2 pM GI,6-diP. Thus the
dissociation constant of the substrate to the enzyme
rneasured by fluorimetric titration will not rnean the sub-
strate inhibition constant, but the Krn value.
     The "sequential" mechanism is divided into the terrns
of "random sequential" and "ordered sequential"8).
Although the kinetic experirnents had probably suggested
the former, the iatter had not fully been excluded.
The results of fluorimetric titration aZso suggested a
"randem sequential" mechanism for a reaction of the yeast
enzymet since the substrate and the coenzyme were indi-
vidually able to attach to the enzyrne.
57
